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DESIGN PROCEDURE FOR TRANSPIRATTION-COOLED
STRUT-SUPPCRTED TURBINE ROTCR BLADES

By Ernst I, Prasse and John N, B. Livingood

SUMMARY

The procedure cuwrrently employed by the NACA Tewls lsboratory in
the design of transpiration-cooled strut-supported tuwrblne rotor blades
is discussed. The strut is the internsl blsde supporting menber and
elso serves to partition the blade into separaste cooling-alr passages.
Orifices in the blade base, which meter the cooling-air to each internal
passage, are used in conjunction with a constant chordwise permegbility.
A compromise variable spenwise permegbility Is currently employed.

Details on the design of both the strut and the porous blade shell
are included, ILimitatlons in the present design procedure are also
discussed.

INTRODUCTION

The NACA Iewis laboraetory made explorstory tests on a transpirstion-
cooled turbine rotor blade in a modified productlon turbojet engine in
order to evaluste blade design and fabrication methods (ref. 1). Since
the completlon of these tests, sn additional theoretical study which
permits the design of improved blades was made (ref. 2). Methods for
determining the locel coolant flow required to maintalin a constant pre-
scribed wall temperature for s transplrztion-cooled gas turbine blade
ere presented in reference 3, In this reference, only chordwise varia-
tions were determined; effects of gas-to-wall temperature ratio are
included. A similar investigation is reported in reference 4, in which
temperature-ratio effects were accounted for by the use of a correction
factor. The current design practice is to employ, in principle, the
chordwise methods of reference 3 in conjunction with the spanwise varia-
tilons described in reference 2.

Porous materials currently avaellgble for use In transpiratlion-
cooled turbine blades may not possess sufficlent strength to withstand
the high stresses imposed by the high rotative speeds of the turbine,
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As a result, such blades may require some internal nonporous load-
carrying member, commonly called a strut, to which a porous shell is
attached. Tn addltion to serving as the blade supporting member, the
strut also serves as a device for dividing the blade into compsrtments.
The amount of coolant flow that passes through the porous wall is de-
pendent on the difference in the squares of the gbsolube pressure levels
on opposite sldes of the wall. A considerable pressure varilation exists
around the exterior of the blade., The division of the blade interior
into separate passages and the use of dlfferent-sized orifices 1n the
blade base to meter the cooling alr to the various passages minimize
both the local blade overcooling and the amount of cooling alr required
(ref. 5). When porous materials thet can withstand the high stresses
1mposed on rotating turbine blades are developed snd e blade supporting
member is no longer required, some kind of sheet-metal divider may be
used to partition the blade interior.

3905

The present report outlines the methodes now used by the NACA Iewis *
laboratory in the design of strut-supported transplratlon-cooled turblne
rotor blades. A brief discussion of the strut design 18 presented first.
Following this, for a prescribed shell temperature, the methods of de-
termining the ideal-coolant-flow requirements and blade-shell permeabil-
1ty are discussed. However, the fabrication of porous msterials has not
yet reached the state where such ideal specifications can always be met,
and the blade designer may be restricted to & shell permesbllity differ-
ent from the ideal one. Finally, methods currently used to determine
the coolant flow and orifice sizes for a shell of prescribed permesbillity
are discussed,

IESIGN PROCEDURE

The blade-design procedure is divided into two parts: (1) the
design of the strut, and (2) the design of the porous blade shell.

Design of Blade Strut

Btrut and shell mgterials can be chosen after the blede applicatlon
and shape are specified., The allowable stress level is then determined
and the strut deslgn established. A nunmber of fins are integral with
the strut to permit abttachment of the porous shell and to providea =
number of internal passages for the cooling air (see fig. 1}.

Strut fins and coollng-air passages. - The selection of the number
of strut fins, or of cooling-sir passages, depends upon several factors. .
The distance between Fins must be such that the blade shell is suffi-
clently stiff to minimize shell vibrations. Cwrrent design employs an
average external pressure for each cooling-alr passage at each spanwlse
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position; keeping the strut fins close together minimizes the external
pressure variatlon across each passage and hence resulis in s more ef-
Picient design. The wildth of the fins must be large enough to permit
the attachment of the shell and smell enough so thabt a minimum of the
porous surface is blocked.

The cross sectlions of a strut and blade shell ere shown in figure 1.
The fins are usually located opposite each other on the two sides of the
strut; this positioning 1s made so that pressure can be applied to one
blade surface when shell attachment is made on the other without damaging
the shell, The cooling-passage areas are usually set up so that the
ares varlation from root to tip is Iinear with the tip areas being
limited by the tip profile. The overhang of ‘the blade shell at the )
leading and tralling sectlons must be designed to minimize vibration.
Furthermore, the shell radii at the leading and trailling edges must be
of sufficient size that the porous shell will not crack,

Strut stresses. - In general, a rotating burbine blade 1s subjJected
to centrifugal, gas-bending (steady state and vibratory), and thermal
stresses. The various spenwise sections of the strut are alined so that
the centers of gravity of these sections fall on a nearly redial line.
In this way, bending stresses due to centrifugal forces are minimlzed.
In order to partielly compensete for gas-bendlng stresses, the blade
mey be tilted toward the suctlon side. In this way, total bending
stresses are minimized. Desplte considersable effort already applied
to the study of vibratory and thermal stresses in turbine blades, the
mechanisms involved sre so complex that little information on these
stresses 1s availlsble. In air-cooled turbine blades, blade shells are
usuelly thin and structures sre often brazed; both thin walls and brazing
have the effect of changing the stress-rupture properties. Moreover,
after blede febrication, the stress-rupture properties of the blade
materials are not known., In order to account for the unknown vibratory
and thermal stresses, the effects of braze attack, and other fgbrication
flaws, it i1s current practice to employ a safety factor known as the
stresas-ratio factor (see ref. 6) in cooled-blade designs. For a given
average blade temperature, the stress-retio factor at any spanwise blade
section is simply the ratio of the elloweble stress for bar stock to
the centrifugal stress at the sectlon.

The allowable stress for the strut metal is determined from a
stress-rupture curve at a specified temperature and for a specified
strut-material life. Typlcal examples of stress-rupture curves for
bar stock of several high-temperature alloys are shown 1n figure 2,
where the stress-rupture for a 100-hour life is plotted agalnst metal
temperature. The critical blede section is that section where the
stress-ratio factor is a minimum. A method for determining the centrifu-
gal stress along the spen of a solid turbine blade is given in reference
7. Modification of equation (4} in reference 7 is employed herein.
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The centrifugel stress at any spanwlse location X, with the blade shell
considered as dead welght, may be found from

L L
T, 02
st“’z sh'
AX —% Ay stlrr + x)dx + y— Ax,snlrr + x)dx (1)
J
X X

The symbols asre defined in the appendix. The varistion in the sitrut
centrifugal stress along the blade span can be cobtalned by use of equa-
tion (1). A stress-ratlo factor at the blade critical section of sp-
proximately 1.5 to 2 1s currently used to allow for the unknown vibratory
and thermal stresses, braze attack, and fabricatlon flaws.

The original strut design may lead to erratic pressure and flow
distributions inside the various cooling-~air passages. Alterations of
the strut design (changes 1n the passage cross-sectional area distribu-
tions) may then be required., If such alterstions are necessary, the
altered strut design will have to be stress-checked again.

Design of Blade Shell

The steps in the design calculation of a transpiration-cooled blade
shell with prescribed chordwise and spanwlise variations in shell tempera-
ture are: (1) the determination of the gas velocity relative to the
blade and the pressure distribution around the blade; (2) the calculation
of the local required cooling-air flow pv necessary to maintalin the
prescribed wall temperature; (3) the calculation of the spanwise varia-
tion of the static presswre of the cooling ailr in each Internal cooling-
air passage; and (4) the determinetion, for a selected type of porous-
shell material, of the required spanwise veriation in shell permesbility
for each cooling-air passage. These calculations result in so-called
ideal values and, in general, speclify both chordwise and spanwise per-
meabllity variations., Each of the above mentlioned steps 1s discussed
in detall, subsequently.

Gas velocity and pressure distributions around blade. - The chord-
wise and spanwise variatlons in the veloclty and pressure of the engine
gases around the turbine blade must be determined elther from theory or
experiment. These distributions depend upon the engine flight and
opergting conditions end the turbine geometry. Graphical two-dimensionsl
stream-filament theoriles for prediecting these dlstributlons for Iimper-
meable blades in the cascade row are gilven in references 8 and 9. Lack
of experimental data on the effects of flow through a porous wall on
the main-stream-flow conditions makes it necessary to use these theories
in the current deslgn of permeable blades; experiments on these effects
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ere required. Typical examples of these chordwise distributions, calcu-
lated by the method of reference 8, are shown 1ln figure 3.

Local ideal cooling-air flow. - The spenwise variatlion in local
ideal cooling-air flow pv for each cooling-asir passage depends upon
the local values of effective gas temperstwre, cooling-air temperature,
gas pressure around the blade, gas veloclty reletive to the blade, and
the prescribed shell tempersture; 3 1t is independent of cooling-air supply
pressure and shell permesbility. The determination of the loecal values
of pv is discussed In detall in reference 3, and only a brief outline
wlll be given herein.

The transition points from lamlnar to turbulent flow in the external-
gas stream ere teken as the points of minlimum pressure on the blade pres-
suwe and suctlon surfaces. Over the portion of the blade surface having
laminar flow, the exact solutions of the laminar-boundasry-leayer equations
for wedge-type flow with transpiration cooling and a comnstant wall tem-
perature (refs. 10 to 12) asre used to determine the local coolant flows.
For the turbulent-flow region, the Rannie-Friedman theory (refs. 13 and
14) for flow over a permesble Fflat plate is used. These theories will
be sketched briefly, and the adequecy of each will be discussed in the
section DESIGN LIMITATIONS.

The spanwise variation In effectlive gas tempersture Tg for each =

cooling-air passage must be found elther from temperature measurements
of impermesble blades or by estimating the value of the recovery factor
(ref. 3). The rate of heat addition to the coolant on its way through
the flow passeges is usually not well known and hes to be estimasted
(ref. 2). An assumed spenwise variation in the coolant temperature is
therefore necessary.

Laminar flow: Since the wall temperature -is prescribed, the value
Ty - Ta
a0 Tg - Te -
Euler number Eu = % d_'y is found from the chordwise gas-velocity distri-

butions previocusly determined, y being the peripheral chordwise distance
from the blade leading edge to the point under consideration on either
blade surface (see fig. 4). In figure 5, results of the wedge-type lami-
ner boundery-layer solutions are plotted as (1 - ¢) against the coolant-
flow parameter -f ; with Euler number Eu and the temperature ratio

Tg/ Ty; known, the value of -fw may be found from the figure. The

parameter -f, 1s given in turn as (see ref. 3)

of the temperature peremeter 1 - @ = mey be determined. The

2 v '
Ty =Fa + 1w VRe (2)
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where v 1s the cooling-alr ejection veloclty at the porous wall based
on porous-surface area (not porous flow area). The gas Reynolds number
Re = DWY/P: density p = pe/RTy, and viscosity | are based on the

prescribed wall temperature T,. Hence the local cooling-air flow 1is

v = 3
p P 2 s
It may be mentioned here that the use of the wall temperature rather
than the effective gas temperature in the evaluation of the cooling-air
density and viscoslity is based on Judgment rather than experience, in
the absence of conclusive experimental data.

The preceding procedure may also be used for the cooling-alr passage
supplying the blade leading edge (stagnation point), which is considered
to be in the laminar region, wilth the following modifications. At the
gtagnation polnt, the Fuler number Eu 1s unity, and for a circular
cylinder of diameter D +the velocity near the stagnation point 1s given
epproximetely by (ref. 15)

W=3630% (4)
where U 1s the upstream-approach gas velocity. As an approximation,
equation (4) mey be used for the leading edge of the turbine blade if
twice the lesding edge radius 1s substituted for D. Substituting
equation (4) and Eu = 1 into equation (3) gives

= 1.905p -(-M (5)
NFep

as the required cooling-air flow for the leading-edge passage. Here the
Reynolds number Rep 1s glven by Rep = pUD/u, with density p eand

viscosity ¢ based on the prescribed wall temperature as before.

Turbulent flow: The cooling-alr flow pv necessary to malntain a
prescribed wall temperature for a flat plate irn turbulent-flow transpir-
ation cooling depends on the local values of 1 - ¢, gas Reynolds number
Re, Prandtl number Pr, and viscosity p. The expression for pv taken
from reference 16, with the modificeation that gas properties are based
on wall temperature rather than gas temperature, 1s .

0.9 2.11 2.11 :'
ReY*Y 1In - +
[ ReV+1 " ReV-1(1 - @) ] 6
71.3 Pr ,E
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Equation (6) is used to calculate the spanwise distribution of cooling-
ailr flow pv for those coolant passages lying in the turbulent-flow
region of the blage,

Spanwise variation 1n cooling-sir pressure in internal blade pas-
sages. - The spanwlse variation in the cooling-air pressure in each of
the blade coolant passages is calculated, with the use of the theory
glven in reference 2. In order to apply this theory, the coolant-
passage geometry, the spanwise variation in cooling-sir flow pv, and
the spanwise variation of cooling-sir static tempersture Tc must be

known for each passage. With an assumed varistion in cooling-sir tem-
perature, 1t 1s necessary to solve similtaneously the following palr of
equations:

= = -b(ev) (7)

and

2| & | BRTc &y \A/) dax

_‘i’_zi fi'_ri.,.TC&J,ch (8)
(Ac gry ) \ax ~ A &x
The need for an assumptlon of a spanwise variatlion in cooling-alr tem-
perature could be eliminsted and the actual varilation calculated If the
appropriate energy equation were solved simnltaneously wlth equatlons
(7) and (8). This would make the calculation considersbly more tedious.
In view of this and of the various assumptions required for the gpplica-

tlon of other theoretical analyses to the blade design, the simpler
method, as presented in reference 2, was employed.

[1_(1>ZRT<= D1 PL 02 con p - e @i@_

The method of reference Z includes the effect of fluld friction
forces, centrifugel forces, and change of momentum on the flow of cooling
alr in each passage. The theory is applicable ore-dimensionally in a
spanwise direction. Hence the values of the various guantities involved
are taken each as an average over the chordwise wldth of each passage at
every spenwise location., The friction factor £ for turbulent flow
through Impermegble tubes is used in the sbsence of frietion dats for
flow through permesble tubes.

With the varistions of the quantities b and pv known in the
spanwise direction, equation (7) may be integrated directly in order to
find the variation of coolant weight flow w wlth distance x:
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w = W + b(pv) dx (9)

where wy 1s a prescribed coolant weight flow leaving the passage at
the tip. For passeges ending blindly, wiy 1is zero. Since the varilation

, a(v/Ac)
of w with x 1is known, the variation of the gradient —gxy—— with
x may be found from the relation
W v Ghe
) 260 - aw
ax = A (10)

since the variation of the passage cross-sectional area A, with x 1s

assumed to be known. For a strut design with a cooling-air passage
having a large negative spanwise gradient in flow sre=m dAc/dx, there

exists the possibility of the gradient Eﬁgéfil changing sign along the

blade spen (eq. (10)). This would result in an erratic curve of w/A.

against x, which would mean eccentric velocity and pressure dlsirlbu-
tions in the coolant passege. This is apparent if the coolant-flow Mach
number 1s expressed in terms of w/Ac and the presswre pi a8

Ac
T b1 Ts (1)

To eliminate such undesirasble effects, it might be necessary to modify
the strut design in order to reduce the large spanwise gradients in
passege area.

A1l qusntities in equation (8) are then known with the exception
of the cooling-alr static pressure ©p4; 50 a numerical solution of

equation (8) may be applied to find p; as a function of x, when a
boundury value pi,r of pi &t the passage entrance (x = 0) is pre-
scribed. This boundary value Pi,r must be. chosen sufficiently large
so that the resulting calculated internal pressure p; 1s greater than
the external gas pressure pe at each spanwise position In order to

ensure eJection of cooling alr through the porous wall. TFor radial pas-
sages, =0 and T =Ty + X in equation (8).

3905
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Required spanwise variation in shell permeability. - With the span-
wise variations of cooling-air flow pv, gas pressure pg, and cooling-
eir pressure ps known for each cooling-alr passage, the permeability
of the porous wall of each passage must vary spanwise in such a manner
that the required pv 1s obtained with the given pressures p; and
Pe-

For several types of porous shell materials, the correlation between
cooling-air flow pv and the pressures py =snd pe 18 well spproxi-
mated by an equation of the form

pv = CK(pE - pﬁ)n (12)

oveI: a fairly wide range of flow (ref. 2). The value of the exponent
n is determined empirically and is a function of the type of porous
material; the velue of Cg 1s a function of material permesbility and

thickness, and of cooling-air properties based on the porous-wall tem-
perature. BSince the spanwise distributions of ov, p;, and p, are

known, equation (12) may be used to calculste the required spanwise
variation in the value of Cg for each passage. Then the required

spanwise variation in the ratio of shell permeability to thickness K/‘l’:
mey be determined from the values of Cg since the porous wall tempera-
ture is known. TFor a typical sintered materiasl, for which n = 2/ 3,

2 2/3
9.66(10%) £ (f_:;:_ﬂ)
W

Hg1
m

Cg =

For a typlcal wire-cloth materigl,.-f6F which n = 5/ 8,
‘ 5/8
1
K CT pTw)

Recessary compromises in specification of shell permesbility. - The
preceding methods yield the ideal wvalues necessary to maintain a prescribed
blade-shell temperature. Although variations in the shell temperature
may be prescribed, it is current practice to prescribe a uniform blade-
shell tempersture equal to the maximum allowsble for the particular shell
material. In this way, the amount of coolant can be held to a minimum.
Calculations made according to the preceding methods for such a preseribed
constant wall temperature result in both chordwise and spsnwise varia-
tions in required shell permeebility. Since ideal specifications are
difficult to achieve in fgbrication, compromises on shell permesgbility
may be required.
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The use of orifices for metering coaling air to the blade passages
will partiaslly compensate for the use of a constant chordwise permesbil-
ity, so & constant chordwise permeability has been accepted in current
design. Attentlion 1s therefore centered on the type of spanwise varis-
tion obtainable. The calculatlon methods employed when a spanwise per-
meability is prescribed follow.

Calculation of wall temperature and cooling-air flow for prescribed
spanwise permeabllity. - With the spanwlse variatlon of shell permeabil-
ity specifled, the spanwise variation in wall temperature and the coolant
welght fiow w, to each passage may be calculated as follows:

d(@ w_ dic (-13)

adw
&~ P T YR I

By noting that

and by using equation (12), equation (7) may be rewritten as

d(—XZ) w e 2 2n
he 5t + 1 m = k(o1 - re) (14)

Equation (14) must be solved simultaneously with equation (8) to find

the variation of py and w/Ac with spanwise distance =x, The boundary
conditions are py = Py et x=0 and w/Ac = wt/Ac,'b at x =1,
where Pi,r» Wgo and Ac,t are known or are prescribed values. The
variations with x of all quantities in equations (8) and (14) are ¥mown
except w/A., pj, and Cg. The Pirst two of these must be found, whereas
Cx depends on the shell permesbility and shell temperature. The varia-

tion of shell permeability with x dis known, but the shell tempereature
must be calculated.

At each step of the numerical sirmulbaneous solutlon of equatlions
(8) and (14), starting at x = O where py = P3 p, the wall temperature

Tw

value of T, & value of pv i1s found from equation (12). Because the

is calculated by an lteration scheme as follows: For an assumed

ccolant velocity v mey be determined as v = 9—;—'— = _(_L’V'I)’ﬂw_ for the
e

laminar region of the blade surface the value of -f,, may be found from

equation (2), with the gas Reynolds mumber Re and the density p based

on the assumed value of T,. Then, by evaluating the ratio Tg/'I'w, using

J .
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the assumed value of T, a velue of 1 - ¢ 1s read from figure 5. Since
- T _
'-iz-_T-’ and Te and Tg are known, a value of T, may be
determined. If this value does not agree with the value originally -
assumed in the determination of pv from equatlion (12), iteration ib
regquired untll sgreement is reached. For the leading-edge pessage, the
only modification to thils procedure 1is that the Fuler number Eu is
set equal to unity and -y 1s calculeted from the equation

-fy = 0.525 g NRep (15)

1-90=

where the Reynolds number Rep 1s based on the upstream-gas velocity
U and the leading-edge dliemeter D.

In the turbulent-flow region, equation (6) may be solved for
1l -9 4o give

2,11
0.1
Re
1 -9 = (16)
71. S(pv)Prz; L 2.1
exp 0.9 s
R L ]

With an assumed value of Ty, a value of pv 1s fournd from equation
(i2), end a value of 1 - @ 1is then calculated from equation (186),
again basing p and p on the assumed value of T,,. From this value

of 1 - ¢, a value of T, may be found, and again iteration is required
until this value sgrees with the value assumed originally.

Since the boundery conditions esre imposed at opposite ends of the
cooling-air passage, a trial-and-error process is generally necessary to
find the simultaneous solution of equations (8) and (14) which satisfies
the prescribed boundary conditions (ref. 2). This trial-and-error pro-
cedure combined with the iteratlion process necessary at each step for
the determination of the wall tempersature mskes the numeriecal solutlion
of equations (8) and (14) cumbersome. If only the calculation of the
consumption of cooling alr i1s desired, and if an estimate of the span-
wise variation in wall temperature T, can be made in advance, the

variation of Cx with x 1s known and equetions (8) and (14) mey be
solved without iteration for Ty. An addition simplifiecation in this

case 1s possible 1f only a qualitative estimmste of the cooling-sir con-
sumption is desired. A short-form solution of equation (8) for the
internal. cooling-air pressure p; may be obtained by omitting all terms

except those involving centrifugal force due to rotation (ref. 2). In

=
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the case of a stator blade, this is equivalent to the assumption of =a
constant spanwlse pressure p4. For a redial passage (B = 0) and an

assumed linear spanwise variation in cooling-air temperature
(T = Te,r + ax), equation (8) may be integrated in closed form to yleld

2

w“T ‘ar 2

ln< LA cér z . Infl + =2— x) + 5 x (17)
Pi,r gRa Te,r Te,r gRa

The veriation of py with x may then be calculated from equation (17);

and since the variation of Ck and p, with x are known, the spanwise

distribution of pv may be found from equation (12). Then the cooling-
air flow w, to the passage is found by settling x = 0 in equetion (9):

L

Wp = Wy o+ b(pv)dx (18)
0]

Although equation (17) 1s generally used as an approximate solution of
equation (8) for My less than 0.2 (ref. 2), it is still useful for

higher M, since only a qualitative estimate of the cooling-alr flow
is desired.

The total cooling-air flow for a cooled turbine is given by
Vgo = NZ‘.wr (19)

if there are N cooled blades, The ratio of the total cooling-air flow
Wyo to the engine gas welght flow is an important quantity for evalu-

ating the effectiveness of a method of turbine cooling. A comparilson of
this ratio for the 1deal and the prescribed permesbllity cases gilves a
quantitative plcture of the potentiml of transpiration cooling for a
given applicetion and how much this potential is compromised by fabrica-
tion limitations.

Required orifice size. - The use of small orifices at the blade
base for metering the cooling-air flow to each blade passage is dlscussed
in reference 5. Although this reference. included only chordwise varia-
tions in cooling-air flow pv, cooling-alr pressure py, external-gas

pressure. Pg, and shell permeability, the method presented therein is

used for approximating results when there are significant spanwilse vari-
gtions 1n these quantities,

The purpose of orifices at design engine operation is to reduce
the constant chordwise coolant supply pressure p, &t the blade base

3905
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to the required pressure Py » at each cooling-ailr passage entrance,
2

while passing the required coolant weight flow w, for the passage.

Since the value of Dy and w_ for the passages may vary widely
»T r ?

a different orlfice size will probebly be requlred for each passage.

In reference 16, it is shown with experimental data that the flow
through small oriflces obeys the laws governing flow through nozzles.

If the equations for subsonic flow and critical flow through flow nozzles
are solved for the nozzle flow area A,, the results are, in the symbols

of the present report,

) fR v Te,r
An 2g B ,\/Pi,r(Pa - Pi,r) (20)

W. T,
A, = 2.067 (B 2= NTe,r (208
2g B Dg

and

Equation (20) is applicable for suberitical pressure drops across en

D .
orifice <_%L£ > 0.52§>, whereass equatlon (20a) is for supercritical pres-

a

D
sure drops (—%15-5_0.528). The values of Tc,r and p, &re prescribed,
a

end the values of w,. and Py, &re known from the calculations of the

pressure distribution in the Interior of each blade passage. The guan-
tity B 1is a nozzle coefficlent whose velue may be estimated from ex-
perimental flow correlations (ref. 16). The required orifice srea A,

for each cooling-alr passsge may then be calculated from one of these
equations. It is, of course, necessary that the avallable coolant supply
pressure p, be greater than the largest of the required pressures

Pi,r for the coolant passages.

DESTGN TLIMITATICONS

.Much development work remains to be done in the fsbricsastion of
porous materials. TImprovement and checking of theoreticel analyses must
also be completed before improved designs sre to be cobtained.

For example, the methods of references 8 and 9 for determining the
chordwise variations in gas velocity and pressure were developed for
use with impermesble blades in a cascade, ILack of experimental data on
the effects of £luid injection through a porous wall on meln-stream flow
conditions necessitated the use of the methods of reference 8 or 9 in



14 . o . oD NACA RM E55J21

designing transpiration-cooled blades. Adequate experimental data to
Justify the use of this method for transpiration cooling are needed.

The use of wedge solutions of boundary-layer equations in predict-
ing heat transfer (or in determining the ideal required coolant flow)
over the laminar-flow portlion of the blade has not been verifled experi-
mentally. Wedge solubtlons have been used to predict the heat transfer
to impermesble bodies of arbitrary cross sectlon wlthin required engi-
neering asccuracy. The extension of this method to transpiretion cooling
appears reasonable, but experimental verification is desirable. For the
turbulent part of the blade, the Rannie-Friedman theory (refs. 13 and .
14) for a permesble flat plate is employed. It has long been known that
the effect of a pressure gradient on heat transfer in the turbulent
boundary layer i1s much less than in the lsminar region; hence, use of
the flat-plate theory also appears reasongble, A recent experimental
investigation (ref. 17) indlcates that one of the assumptions made in
the Rannie-Friedman theory may be inaccurate. The experimental results
indicate that flow through a porous wall affects veloclty distributions
in both the laminer sublayer and the turbulent core of the boundary
layer. The theory used In the blade design assumed an effect on velocity
profile only in the laminar sublayer. Other theoretical analyses of
transpiration coocling in the turbulent-flow region have been made (refs,_
18 and 19), but each awaits experimental verification. As a consequence,
the Rannie-Friedmsn theory (refs. 13 and 14) has been maintailned in the
design procedure. The theoretical method for determining the pressure
variation within each cooling-air passage has not, as yet, been checked
experimentally. The flow correlations for porous materlals have been
verified experimentally, References 20 and 22 present experimentally
determined flow correlations for wire cloth, and references 16 and 23,
for sintered materials.

Sg0~

CONCIUDING REMARKS

With respect to coolant-flow, the ideal shell for a transpiration-
cooled strut-supported turbine rotor blade should possess both a variable
chordwise and a varieble spanwlse permeability. The use of orifices far
metering cooling air to the blade passages will pertiaelly compensate for
the use of a constant chordwise permeability. A constant chordwise per-
megbility and the use of different-slized orifices in the blade base are
used in current-design methods; by these means, the variatlions of the
gas pressure arcund the blade periphery may be accounted for, and the
blaede-~shell fabrication problem is considerably simplified.

The 1deal spanwise variation in permeabillty for each cooling-alr ~
passage may be determined from the methods of this report. Since these
variations differ for the different passages aud these 1deal permeability
variations are difficult to fsbricate, 1t may be necessary to determine
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some compromise spanwlse variation. The choice of this compromise vari-
gtion in spanwise permeablility ls left to the dlscretion of the designer.
The compromise 1s primarily dictated by the menufacturer's ability to
meet the specifications.

In order to compensate for unknown vibratory and thermal stresses,
fabricstion flawa, and the effects of braze attack, use is made of a
safety factor (stress-ratio factor) in the design of the load-carrying
strut.

lewis Flight Propulsion Iseboratory
Netional Advisory Committee for Aeronautics
Cleveland, Ohio, October 26, 13855
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APPENDIX -~ SYMBOLS
The following symbols are used in this report:
cross-gectionsl area, sq £t

coefficlent in linear spanwise variatlon of coollng-air temper-

ature =
ure, Tc Tc,r + ax

orifice flow coefficient
chordwise peripheral wldth of coolant passage, ft

quantity containing permesbility coefficient, eq. (12),
1b (£t4)0/(sec) (sq £t)(1b2)2

leading-edge diameter, ft

coolant~passage hydraulic diameter, £t

Buler number of gas flow over blade,’

x|
2|2

friction factor

coolant~flow perameter for laminar-flow region, eq. (2)

acceleration due to gravity, ft/sec2
permeabllity coefficient, sq £t
coolant-passage length (see fig. 4), ft
cooling-air-flow Mach number

mumber of cooled turbine blades
exponent, eq. (12)

Prandtl number

static preesure, Ib/sq £t

gas constant, ft-1b/(1b)(°F)}

gae Reynolds muwber, ﬁWy/u

3905
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Rep gas Reynolds number at blade leading edge, diD/p

r radius, ft

T temperature, “R

U gas approach velocity upstream of blade leading edge, f'b/ sec

v cooling~-air velocity through porous wall (based on total
porous-surface srea), ft/sec

W gas velocity relative to bilade, ft/ sec

w weight flow of cooling air, 1lb/sec

X specified spanwise position on blade, Tt

X spenwise distance from blade base (see fig. &), £t

¥ peripheral distance from blade leading edge (see fig. 4), ft

B angle between veloclty vector and directlion of increasing radius

r metal density, 1b/cu £t

T ratio of specific heats

mn sbsolute viscosity (based on porous-well temperature), b/ (£t) (sec)

p density (based on porous-well temperature), Ib/cu ft

o centrifugal stress, 1b/sq £t

T porous blade-shell thickness, £t

@ tempersture-difference ratio, Tg - ‘Ill'W/Tg - T,

o anguler veloclty, sec™t

Subscripts:

a cooling-air supply at blade base

c cooling eir or cooling-air passage

cr critical
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e external gas flow
£ effective gas temperature
1 internal cocolant flow

le leading edge

n orifice
r coolaent-passage entrance (blade root)
sh shell

sl NACA sea-level standard conditions

st strut

t coolant~passage tip

to  total

X specified spanwise position on blade, £t

v porous weall
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Figure 1. - Transpiration-acoled strut-supported turbine rotor blade. (Arrows indlcate direstion of ccoling-alr flow.) M
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Figure 4. - Coordinste system used in transpiration-
cooled blade-design procedure.
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